Lassa virus is the causative agent of a dangerous zoonotic disease distributed in West Africa. A primary reservoir host of Lassa virus is Mastomys natalensis. These mice associate closely with humans and are commonly found in villages. Consequently, previous studies of Lassa virus have focused on rural areas. The prevalence of the virus in large cities has not been studied.
Introduction
Lassa virus is the causative agent of Lassa fever, a dangerous zoonotic disease distributed in West Africa. Outbreaks of Lassa fever have emerged in Sierra Leone from 1971-83 and in 1997; Liberia in 1972 Liberia in , 1977 Liberia in , and 1982 Guinea in 1982-83; and Nigeria in 1970 , 1974 -77, 1989 , 1993 , 2004 (Fichet-Calvet and Rogers, 2009 . In 2018, a new Lassa fever outbreak was reported in Nigeria; as of December 31, 2018, 633 cases were confirmed with 177 deaths (2018 Lassa fever outbreak in Nigeria, 2018) .
A primary reservoir host of Lassa virus is the multimammate mouse Mastomys natalensis (Lecompte et al., 2006; Monath et al., 1974) ; the virus has been additionally detected in M. erythroleucus (Mccormick et al., 1987; Olayemi et al., 2016) and Hylomyscus pamfi (Olayemi et al., 2016) . Rodents exhibit persistent, asymptomatic infection and shed the virus through feces, urine and saliva. Currently, six lineages of Lassa virus are described: lineages I, II and III circulate in Nigeria, lineage IV was identified in Guinea, Sierra Leone, and Liberia, lineage V (a subclade of lineage IV) circulates in Mali and Côte d'Ivoire, and lineage VI was isolated from H. pamfi in Nigeria (Andersen et al., 2015; Bowen et al., 2000; Olayemi et al., 2016) ; a new variant isolated in Togo is related to lineages II and I/VI in different segments of the genome (Whitmer et al., 2018) .
In Guinea, Lassa virus has been found both in rodents FichetCalvet et al., 2016 FichetCalvet et al., , 2007 Lecompte et al., 2006) and humans ). In addition, two studies of Lassa virus seroprevalence were conducted among the Guinean population Lukashevich et al., 1993) . Most of these works focused on rural areas, and large cities were not studied. The exception is the work of Demby et al. , wherein the authors trapped rodents in the town of Kindia (which had a population of approximately 60,000 at the time). The results of their work showed the absence of Lassa virus in rodents in Kindia . Therefore, our knowledge of Lassa virus ecology, epidemiology and distribution in West Africa is poorly understood (Gibb et al., 2017) ; in particular, the role of cities in Lassa fever epidemiology is still to be elucidated. In this work, we studied the prevalence of Lassa virus among rodent hosts within a large city in Guinea.
Methods

Small-mammal trapping
The study was conducted in N'Zerekore, Guinea. N'Zerekore has a population of approximately 300,000 and is the second largest city in Guinea. The city is the capital of the N'Zerekore Prefecture and is located in the Guinée forestière region.
We carried out field research in two stages: the pilot study was performed on 5-7 May 2018 (early rainy season), and the main study was performed on 21-31 August 2018 (late rainy season). Small mammals were captured using live traps (Sherman LFA Live Traps, HB Sherman Traps Inc., Tallahassee, FL, USA). During the pilot study, traps were set up for three consecutive nights in three different households in the Tielepolou District of N'Zerekore. The total capture effort in the pilot stage comprised 45 trapping nights.
Based on the pilot study, we designed a stratified random sample to investigate the prevalence of Lassa virus among M. natalensis in N'Zerekore. It was shown that in Guinean villages, the distances between recaptures never exceeded 100 m for M. natalensis (Mariën et al., 2018) . We took this parameter into account and divided the urban territory into 100 x 100 meter squares that were considered sample units. Then, we divided the territory of the city into 4 strata ( Fig. 1) as follows:
1. Periphery: The residential area adjacent to undeveloped territories and cultivations that surround the city. All squares that were located no more than 200 meters from the edge of the city were classified as Periphery.
2. Residential area: The residential area (excluding the Periphery) represented mostly by single-story buildings.
3. Marketplaces: The territory of street markets with a large number of small buildings and warehouses. These territories were actively used in the daytime and were empty at night.
4. Cultivation area: Mostly floodplains containing vegetable gardens with rice, corn, manioc, peanuts, etc. Using QGIS software, we implemented this stratification to N'Zerekore and defined the number of sample units in each stratum and in the whole city ( Fig. 1) , which allowed us to build the stratified sample with proportional allocations. For Marketplaces, we increased the sample fraction due to the small size of this stratum. As a result, the total sample consisted of 123 squares; in each sampled square, we set 5-12 live traps for one night, and the total capture effort comprised 985 trapping nights (Table 1) .
The main study was conducted on 21-31 August 2018. Standard methods were followed for the safe handling and sampling of small mammals potentially infected with infectious pathogens (Mills et al., 1999) . All trapped small mammals were described morphologically, weighed, and measured (length of head, body, tail, hind foot, and ear) and then typed by sequencing the COI gene from liver autopsies using the following primers: et al., 2018 ) and jgHCO2198 5'-TAIACYTCIGGRTGICCRAARAAYCA-3' (Geller et al., 2013) .
Sample collection
Blood was collected from the trapped animals in sterile tubes with 0.5 M EDTA by cardiac puncture. Animals were then euthanized, and sections of the liver, spleen, kidney, and lung were obtained through sterile necropsy. Blood samples were centrifuged to separate the plasma and cells, and all blood fractions were stored at 10°C for five days and at minus 28°C for the next 10 days before analysis. Tissue samples were collected in RNAlater (Thermo Fisher Scientific, Waltham, MA, USA) and stored at 6-10°C for 12 days before analysis.
RNA extraction, polymerase chain reaction and sequencing
We extracted RNA from (1) 100 µl of blood; (2) 10% suspension of brain; (3) and 10% suspension pools of internal organs (liver, spleen, lung and kidney) using a commercial kit (AmpliSens RiboPrep Kit, Central Research Institute of Epidemiology, Moscow, Russia) following the manufacturer's instructions. Samples were screened for Lassa virus by qRT-PCR using specific primers and probes (Table  2) . Table 2 . Oligonucleotide primers and probes for duo-target L segment qRT-PCR assay used in the study
From Lassa virus-positive samples, a fragment of the NP coding region was amplified using an RT-PCR protocol (FichetCalvet et al., 2016) . Purified PCR products were determined be Sanger sequencing. Sequences obtained were deposited in NCBI GenBank under the following accession numbers: MH748572 (M. natalensis COI gene) and MH732623-MH732640 (Lassa virus nucleoprotein gene, S-segment).
Data analyses
We created a random stratified sample in R using the package 'survey' (Lumley, 2004) . We estimated the prevalence and confidence intervals using exact Clopper-Pearson methods in the package 'PropCIs' (Scherer, 2014) . Sequence analysis and multiple alignments were performed using Geneious (version 9.1.7; https://www.geneious.com/). Bayesian coalescent phylogenetic analysis was implemented using MrBayes with substitution model GTR.
Results
Small mammals
During the pilot study in May, we trapped two species of rodents, including 19 M. natalensis and one Mus musculus. Of the 19 M. natalensis, 18 yielded positive qRT-PCR signals for Lassa virus. Viral RNA was detected in blood as well as in tissue samples, with the lowest Ct in brain tissue samples (Fig. 2) . The concentration of the virus was significantly higher in the brain tissues than in the parenchymal organs (paired t-test: t = -4.99; df = 15; p < 0.001) and in blood (paired t-test: t = -9.13; df = 13; p < 0.001).
During the main study in August, a total of 149 small mammals representing at least four species were live-trapped (Table 3) . Species identification was confirmed by sequencing the COI gene for all M. natalensis. For the remaining species, only a few specimens were sequenced. Since the main goal in this work was to study the prevalence of Lassa virus among M. natalensis, we did not identify shrews to the species level; they were combined at the genus level as «Crocidura spp.». The highest prevalence of M. natalensis was in the Residential area, and R. rattus and M. musculus were most prevalent in Marketplaces (Table 3 ). In some squares and even in some households, we trapped these three species rodents simultaneously. The blood and internal organs samples from all 43 M. natalensis were screened for Lassa virus by qRT-PCR, and 10 samples, which accounted for 23.3% (CI 95%: 11.8-38.6%) of the population, yielded positive signals.
Mapping showed that the Lassa viruspositive multimammate mice were trapped in different parts of the city, including in Tielepolou District, where Lassa virus was detected in May (Square-108, Fig. 3 ). Due to the lack of data, we could not conduct a hotspot analysis and or estimate Getis-Ord G i *. However, visual analysis of the map allowed us to highlight four hotspots (Fig. 3) . The largest cluster covered residential neighborhoods directly adjacent to the central market (Grand Marche De N'Zerekore) from the west. This cluster included five squares, in which seven Lassa virus-positive rodents were caught (Fig. 3: Squares 75, 77, 79, 83, 87) . One of these squares was located directly within the Grand Marche De N'Zerekore, which is the largest market in the city with high people traffic (Square 87, Fig. 3 ). The maximum distance between squares with Lassa virus-positive rodents in this cluster was approximately 900 m. The second hotspot was located in the southeastern part of the city, 1.7 km east of the Grand Marche De N'Zerekore (Square 108, Fig. 3 ). At this site, 18 Lassa virus-positive rodents were caught in May, and one infected specimen was trapped in August. Two additional hotspots were located in the northwestern and northeastern parts of the city, each of which included only one Lassa virus-positive M. natalensis. 
Virus characteristics
We genetically characterized the detected Lassa virus by determining its partial NP coding nucleotide sequence (756-bp fragments) and comparing it with other Lassa virus sequences. The obtained viruses belonged to lineage IV; furthermore, all obtained isolates formed a separate phylogenetic branch (Fig. 4) . Genetic diversity between the N'Zerekore strains in 2018 approached 5% nucleotide divergence. The lowest diversity (0.7%) was found between isolates from Tielepolou (Square 108, Fig. 3) , and the highest diversity (4.7%) was recorded between isolates obtained from neighborhoods of the Grand Marche De N'Zerekore ( Fig. 3 : Squares 75, 77, 79, 83, 87). For comparison, the genetic distances between N'Zerekore isolates and other Guinean Lassa virus strains including Macenta (10.2-11.4%), К issidougou (11.7-13.2%), Madina-Oula (11.4-14.0%), and Faranah (11.2-16.0%) were significantly higher.
Discussion
We detected a very high prevalence of Lassa virus in M. natalensis in the Tielepolou District of N'Zerekore in the early rainy season (18/19 of trapped rodents). Further study showed that the prevalence of Lassa virus in M. natalensis in the city was 23.3% (CI 95%: 11.8-38.6%). Therefore, we have the first reliable evidence of the presence of Lassa virus-infected rodents in a large city in West Africa. In previous works, Lassa virus was detected in M. natalensis in rural areas in villages of Guinea Fichet-Calvet et al., 2007; Lecompte et al., 2006) , Sierra Leone (Bowen et al., 2000; Leski et al., 2015; Mccormick et al., 1987; Monath et al., 1974; Olayemi et al., 2016) , Nigeria (Agbonlahor et al., 2017; Olayemi et al., 2016) , Côte d'Ivoire (Kouadio et al., 2015) , and Mali (Safronetz et al., 2013) ; to date, the pathogen has not been found in rodents in urban areas.
The presence of Lassa virus-infected rodents in urban areas with a high human population density could lead to a new Lassa fever outbreak in Guinea. In Guinea, only one Lassa fever outbreak has been described from the subprefecture Madina-Oula in 1982-83 (Boiro et al., 1987; Sochinsky et al., 1983) . The outbreak involved at least 11 villages near the border with Sierra Leone; 360 inhabitants were affected, and 138 of them died (Boiro et al., 1987) . However, it is worth mentioning that the causative agent of this outbreak was not determined. Antibodies to Lassa virus were detected in three convalescent patients (n = 22), while convalescent sera from 15 of 79 patients (19%) were positive for antibodies to ebolaviruses (Boiro et al., 1987; Sochinsky et al., 1983) . A high level of seroprevalence to Lassa virus (34.5%) was detected in this region eight years after the outbreak (Lukashevich et al., 1993) . These data support the hypothesis of a Lassa fever outbreak in Madina Oula in 1982-83, but the etiology of this outbreak is unclear. Subprefecture Madina Oula is far from N'Zerekore (at a distance of 450 km). In the Guinée forestière region and the N'Zerekore Prefecture, a Lassa fever outbreak has not been registered thus far.
A serosurvey for Lassa virus-specific IgG antibodies in Guinea showed that in 1990-92, a high frequency of IgG-positive samples was found in the Guinée forestière region (mean prevalence was 33%) and in the Faranah Prefecture (mean prevalence was 36%) (Lukashevich et al., 1993) . Kerneis et al. (Kernéis et al., 2009 ) studied Lassa virus seroprevalence in the Guinée forestière region in 2000. The authors divided the studied settlements into rural and urban areas, the latter of which was defined as a settlement with a population size greater than 3,000 and easy road access (Kernéis et al., 2009 ). The results showed that Lassa virus seroprevalence in rural and urban areas, at 13% and 10%, respectively, was approximately the same (Kernéis et al., 2009) . Despite the fact that a Lassa fever outbreak has not been recorded in Guinea since 1983, all of the evidence suggests contact of the local population with the virus. In fact, 22 confirmed cases of acute Lassa fever in Guinea were reported in 1996-1999, the majority of which were found in the Guinée forestière region, with 11 cases presenting at the hospital of N'Zerekore and six cases at the hospital of Kissidougou . Lassa virus-positive rodents (M. natalensis and/or M. erythroleucus) have been captured in the Faranah and N'Zerekore regions and in the Madina-Oula subprefecture Fichet-Calvet et al., 2007; Lecompte et al., 2006; Olayemi et al., 2016) .
In previous works, it has been shown that the Lassa virus from Guinea belongs to lineage IV (Bowen et al., 2000) . Bowen et al. (Bowen et al., 2000) also found that the Lassa virus genetic distance within lineage IV correlates with geographical distance. Our isolates of Lassa virus also belonged to lineage IV and had the closest relation with a strain isolated from a patient in N'Zerekore in 1997 (GenBank accession number AF182265). Apparently, the Lassa virus in N'Zerekore forms a separate geographically related branch of the virus.
Mapping the sites where infected rodents were caught allowed us to highlight four Lassa virus hotspots within N'Zerekore. These hotspots were located in different parts of the city and were relatively distant from each other. Furthermore, sequencing showed that the Lassa virus from different hotspots had genetic differences. The hotspot in the southeastern part of the city (Tielepolou District) included 19 isolates of Lassa virus (Square 108, Fig. 3 ). These isolates had the lowest genetic distances between each other, with four substitutions on the 756 bp fragment of the nucleoprotein gene, and significant distances from isolates from the rest of the hotspots, with approximately 35 substitutions on the 756 bp fragment (Fig. 4) . We assume that all of the isolates represent secondary cases produced by one virus introduction event. Since this hotspot was close to the city limits (approximately 250 m), we suggest that the virus was introduced to Tielepolou District from neighboring rural areas.
The hotspot from the west side of the central market (Grand Marche De N'Zerekore) (Fig. 3) was formed by isolates that were closely located but had relatively low genetic homology. The scenario that all isolates originated from one founding virus does not apply for this hotspot because of the high genetic heterogeneity. Apparently, several different founding viruses were introduced to this hotspot at different times. Phylogenetic and spatial analyses allow us to suggest that Lassa virus was introduced into the city through the market. Indeed, the largest Lassa virus hotspot with the highest genetic diversity was found in the neighborhood of the Grand Marche De N'Zerekore (Fig. 3) . The market is a place where people store and sell rice, peanuts, palm oil, fish and other products imported daily from the villages. Perhaps, infected rodents or contaminated grain entered the city through transport from the countryside. Hotspots in the northwestern and northeastern parts of the city were far from Tielepolou District and the central market ( Fig. 3 : Squares 184 and 152, respectively); however, the isolates from these hotspots were genetically close to the virus from the hotspot near the central market. Most likely, independent Lassa virus introduction events from rural areas occurred, or the virus was introduced into the market at first and then to the northern districts of the city. To test this assumption, it is necessary to obtain virus isolates from the villages of the Guinée forestière region and carry out a phylogeographic analysis. The concentration of viral RNA was significantly higher in the rodents' brain tissue than in blood and the parenchymal organs. Based on these findings, we recommend using rodents' brain tissue for viral RNA extraction. This method could increase the sensitivity of the subsequent PCR assay or be helpful for sequencing. In previous works, quantitative assessments of Lassa virus in different host tissues were conducted in experiments using virological techniques (Henderson et al., 1972; Stephenson et al., 1984) . In an experiment with Swiss albino mice, the highest virus concentration was in the brain, lung and muscle (Henderson et al., 1972) . In an experiment with aerosol-induced Lassa virus infections in outbred guinea pigs, the highest virus concentration was in the lungs, upper respiratory tract, and spleen (Stephenson et al., 1984) . In works with wild trapped reservoir rodents, researchers extracted viral RNA from rodent blood (Agbonlahor et al., 2017; FichetCalvet et al., 2007; Olayemi et al., 2016) , spleen (Fichet-Calvet et al., 2007; Leski et al., 2015) or liver tissues (Lecompte et al., 2006) . Brain tissue has not been used thus far for these proposals.
Our results reveal at least two important consequences. First, we need further studies of Lassa virus prevalence in rodents as well as human Lassa virus seroprevalence studies in cities and towns of West Africa, which will help us assess the danger of Lassa virus foci within urban areas and develop an action plan with respect to outbreak prevention. Second, our findings raise the following question: why has a Lassa fever outbreak not already emerged in N'Zerekore? In our study, we detected high concentrations Lassa virus in 28 trapped M. natalensis in 2018 within the city limits, but a Lassa fever outbreak in N'Zerekore has not followed. Our findings highlight the importance of further study of the role of cities in Lassa fever epidemiology and the barriers (biological, geographical, ecological) that limit Lassa virus and prevent Lassa fever outbreaks. 
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